Graphene aerogel and graphene aerogel-nanodiamond hybrids have been fabricated by a mild reduction/self-assembly hydrothermal method using graphene oxide dispersion as precursor. The aerogels have been used as metal-free catalyst for oxidative dehydrogenation of propane. Reduced graphene oxide (RGO) aerogel without nanodiamond outperformed carbon nanotubes in terms of propene productivity and selectivity, which is correlated to a higher content of accessible carbonyl-quinone groups and more defective structure of reduced graphene oxide. Graphene aerogel loaded with low amounts of nanodiamonds (2 wt%) by one-pot strategy provided 18% higher activity than RGO aerogel, ascribed to the increase of the sp 3 /sp 2 ratio. For nanodiamond contents higher than 2 wt%, the productivity and selectivity drops, which can be explained by a dramatic decrease of carbonyl-quinone groups, an increased content of unselective oxygen species and clustering of nanodiamonds for the highest
Introduction
Graphene oxide (GO) can be regarded as a 2D network consisting of variable concentrations of sp 2 and sp 3 carbon. GO is thought to contain epoxy and hydroxyl groups on the basal plane with various other types of oxygen groups at the graphene edges. 1, 2 Additionally, high-resolution 13 C NMR spectroscopy has revealed the presence of lactol, ester carbonyl, and ketone functional groups at the edges or defects of graphene oxide. 3 The proposed structure of graphene oxide 4 consist of five-and sixmembered lactol rings decorating the edges and esters of tertiary alcohols on the surface. Although most the hydroxyl and epoxy functional groups can be removed after the reduction of graphene oxide, the holes, Stone-Wales and other defects are usually observed within the basal plane. Besides, highly stable carbonyl and ether groups also remain at the edges/defects. 5 In addition, graphene oxide can contain some trace amounts of other heteroatom-containing functionalities, such as sulfate groups, introduced during the preparation of graphite oxide by the Hummers method. 6 Theoretical studies have predicted a high activity of GO in the oxidative dehydrogenation (ODH) of propane due to the oxygen groups present on its surface.
In recent years, carbon materials have drew significant attention as metal-free catalyst for oxidative dehydrogenation of alkanes. Many types of carbon based structures have been claimed to be active and selective, including activated carbons, 10, 11 onion-like carbons, [12] [13] [14] carbon nanofibers, [15] [16] [17] [18] [19] [20] [21] activated fibers, 22 nanodiamonds, 11, 12, 23 graphite, 19, 24 MWCNT, 11, 20, 23, 25 and other types of porous carbons. [26] [27] [28] It is known that some of those materials, e.g. activated carbons, gasify/decompose under the reaction conditions. 23, [29] [30] [31] On the other hand, MWCNT showed slow catalyst deactivation and good thermal stability under harsh conditions with the deposition of reaction based coke. 32 Schwartz et al. used few layer graphene for the oxidative dehydrogenation of isobutane and identified dicarbonyls at the zigzag edges and quinones at armchair as the active sites. 33 Nanodiamonds also furnished a high selectivity and stability in the ODH of ethylbenzene 11 n-butane 34 and propane. 35 The selectivity is increased by the formation of sp 2 hybridised shell on a sp 3 core (onion-like nanocarbon). Nanodiamonds have typical dimensions smaller than 10 nm. Therefore, for a practical implementation of nanodiamonds as catalyst, their dispersion in threedimensional macrostructures is highly desired. To this end, effort have been made to support nanodiamonds on CNT/SiC monoliths, 36 on few layer graphene 37 and on GO.
in the oxidative dehydrogenation of propane has been compared with that of carbon nanotubes.
Experimental
Partially reduced GO aerogel was synthesized by hydrothermal reduction. To this end, 16 ml of a 2 mg/mL of GO aqueous dispersions (Graphenea) was introduced on an teflon-lined autoclave at 195 ºC during 18 hours. To prepare the graphene-nanodiamond hybrids a aliquot of a 5 wt.% nanodiamond aqueous dispersion (Carbodeon) was added to the GO dispersion. The volume of the aliquot was calculated to achieve nominal loading of 2, 5, 10 wt% with respect to the weight of GO. The dispersion of graphene and nanodiamond was introduced in the autoclave and treated at the same conditions as stated above. After 18 hours in the autoclave, a monolithic hydrogel is obtained which takes the shape of the mould in the autoclave. The hydrogel is dried by freeze drying becoming an aerogel which is subsequently stored for characterising and testing in propane dehydrogenation reaction. The prepared materials are denoted as RGO, (standing for reduced graphene oxide), RGO-2%ND, RGO-5%ND, RGO-10%ND. The number before ND stands for weight percentage of nanodiamonds added to the starting GO dispersion.
For characterisation of GO, it was precipitated from GO dispersion with HCl and subsequently dried. Carbon nanotubes (CNT, Baytubes®) were purchased from Bayer
MaterialScience AG and treated with 65% HNO 3 under reflux during 18 h to remove any traces of metal and create oxygen functional groups. This catalyst is named as
The catalysts produced were characterized by X-ray photoelectron spectroscopy (XPS).
The XPS system used was an ESCAPlus Omnicrom equipped with a Mg Kα radiation source to excite the sample. Calibration of the instrument was performed with Ag 3d 5/2 line at 368.27eV. All measurements were performed under UHV, better than 10 -10 Torr.
Internal referencing of spectrometer energies was made using the C 1s signal at 284.6
eV. The curve fitting of the XPS spectra was performed using CASA XPS software after applying a Shirley baseline. For peak deconvolution, the FWHM was fixed equal for all the peaks and with a maximum value of 2.5 eV.
Surface areas were determined by N 2 adsorption at 77 K (BET) using a Micromeritics ASAP 2020 apparatus, after outgassing for 4 h at 423 K. From the physisorption measurements with N 2 , the specific surface area has been calculated by the BET (Brunauer, Emmet, and Teller) theory in the relative pressure range 0.01-0.10 following standard ASTM-4365, which is applicable to microporous materials. Total pore volume (VT) was calculated from the amount of N 2 adsorbed at a relative pressure of 0.99. In addition, it was also determined by CO 2 adsorption (Dubinin-Radushkevich) at 273 K in the same apparatus, after outgassing under the same conditions.
Raman characterisation was performed in a Horiba Jobin Yvon, LabRAM HR UV-VIS NIR. Raman spectra were recorded with an Ar-ion laser beam at an exciting radiation wavelength of 532 nm. The subtraction of the baseline and the fitting of the peaks was performed with Originpro8.5 software.
X-ray diffraction (XRD) patterns were recorded using a Bruker D8 Advance diffractometer in configuration theta-theta using nickel-filtered CuK α radiation (wave length=1.54 Å), a graphite monochromatic source and scintillation detector. 2ϴ angles from 3 to 80 º were scanned with a length step of 0.05 and an accumulation time of 3 s. 4 were analysed in a molsieve column, CO 2 in a Plot-Q column, and propane and propene in an alumina column. To ensure repeatability, 2-3 separate GC samples were taken and averaged for each experimental data point. After reaction mixture has been introduced, the main products detected (>99%) were propene, CO and corresponding to a interlayering spacing of 0.879 nm, which is substantially larger than natural graphite. This was in agreement with literature values, which state that the interlayering spacing for GO materials ranges from 0.5 to 0.9 nm. 41 This is a consequence of the water intercalation that penetrates into the space between the graphite layers, as well as of the incorporation of oxygen functional groups in the basal plane during harsh oxidation. 42 After hydrothermal process (RGO), the (001) peak disappeared while the (002) peak, typical of graphitic materials, is now visible at 24.5º, corresponding to an interlayer spacing of 0.367 nm, which is still larger than that of CNT-O (0.342 nm) and natural graphite. The broad and shifted (002) diffraction peak of the RGO aerogel suggests poor ordering of the graphene sheets along the stacking direction and consequently good exfoliation of the graphene sheets, which may be facilitated by the creasing of graphene sheets. Numerous efforts have been devoted to quantify defects and disorder using Raman spectroscopy for nanographites, amorphous carbons, carbon nanotubes, and graphene.
The first attempt was the pioneering work of Tuinstra and Koenig. 43 The Raman spectra of RGO+nanodiamond hybrids were apparently similar to that of RGO ( Figure , respectively. 44 The Raman spectrum of CNT-O displays some significant differences compared to that of RGO. One is that the G′ peak of CNT-O is more intense than that of RGO. The G′ peak of RGO is hardly discernible because only a bump is observed degree, which is typical for materials prepared using the Hummers-Offeman method. 45, 46 The G´ band gives a hint about the higher amount of defects in RGO compare to CNT-O. Another difference between CNT-O and RGO spectra is that RGO spectrum exhibits a broad shoulder between D and G bands. In analysis of Raman spectra of many graphitic materials, this shoulder is neglected because is very weak and only D and G bands are considered. 43 Nevertheless, this shoulder is described in the Raman spectra of some carbon materials such as soot, 44 carbon blacks 47 and functionalized graphenes. 48 According to the literature, we have fitted the first-order The sum of the five proposed functions shows good agreement with the experimental spectrum. As example of fitting, Figure 4 Comparatively, CNT-O exhibits D/G and D´´/G ratios lower than those of RGO sample.
The higher D/G ratio of RGO is attributed to the graphene edges or defects in the disordered graphitic lattice 54 in agreement with the creased structure found in TEM and higher amount of oxygen functional groups. This would logically result in a high surface area material. Note that the D/G ratio varied inversely with the crystallite size, L a . 43 When NDs are added to RGO, the D/G ratio does not vary appreciably. Thereby, NDs does not introduce more defects on graphene or the defects added by NDs are compensated by healing some defects of RGO. This agrees with the more ordered structure when ND are introduced indicated by the shift of the XRD (002) diffraction peak. This finding contrasts with results of other researchers, 37 in which the D/G intensity ratio increases significantly when NDs are adsorbed although they used less defective few layer graphene from exfoliation of expanded graphite.
The higher D´´/G ratio is usually attributed to higher content of organic fragments, amorphous carbon and functional groups in the sample. The fitting indicates that the D´´/G decreases substantially in the RGO-ND hybrid respect to RGO suggesting that functional groups of the RGO are removed when nanodiamonds are added, in good agreement with the XRD observations. In addition, a substantial increase of the D*/G ratio occurs for the hybrid with the highest nanodiamond content. The D* band has been related to disordered graphitic lattice of soot provided by the existence of sp 3 bonds. 44, 53 Thus, the increase of D*/G ratio may point out to an increase of the number of sp The spectrum of hybrid combines contributions of RGO (sp 2 , carboxylic groups, π-π* interaction) and of nanodiamond (sp 3 and carbonyl/quinone). According to our analysis, the XPS O1s spectrum can be divided into the following regions (Figure 5b) Compared to CNT-O and RGO (Figure 5b and Table 3 ), nanodiamond has much higher percentage of O1 (carbonyl in conjugated form) and O3 (ether-like oxyen) and much lower or negligible O4 (single bonded hydroxyl groups) and O5 (chemisorbed water).
The O content follows this order RGO>ND>>CNT-O. One peculiarity of CNT-O is that it lacks the O3 or ether-like oxygen. The prepared carbon materials were tested in oxidative dehydrogenation (ODH) of propane at 673K. Figure 7 shows the propene productivity and selectivity. RGO provided significantly higher propene production rate than CNT-O. The hybrid RGO-2%ND exhibited 18% larger propene production rate than RGO, while keeping the same selectivity. Further increase of nanodiamond content decreases both propene productivity and selectivity. Similar effect for the nanodiamond content has been recently reported using nanodiamonds on few layer graphene for elthylbenzene dehydrogenation. 65 It was explained by the higher nanodiamond dispersion of the lowest nanodiamond contents. In our RGO-2%ND catalyst, some small nanodiamond aggregates are still observed (Figure 2b ), pointing that the dispersion can be still improved, and hence the catalytic performance.
To study the relationship between catalytic performance and surface chemistry, the catalysts after reaction were characterised by temperature programmed desorption lactones (823 to 1073 K). 66, 67 Carboxylic acid evolution, which occurs at low temperatures, was almost absent in CO 2 profile of these samples because ODH reaction temperature is higher than its decomposition temperature. The assignment of surface oxygen groups through desorption temperatures is not unambiguous because of surface heterogeneity. Differences in the local active site structures such as armchair and zigzag sites or neighbouring surface oxygen complexes can influence the electronic environment of the relevant group. 68 Additionally, the characteristic broadness of desorption peaks can be an indication of surface heterogeneity and complexity. We did not dare to decompose the CO 2 peak because the presence of only one broad peak in most of the samples and the overlapping temperature range of desorption of anhydrides and lactones rendered the fitting highly ambiguous. Nevertheless, we fitted the CO desorption peak because several shoulders can be discerned (Figure 8b ), which are different for the several carbon catalysts. The difference concerns especially to the high temperature peak corresponding to carbonyl/quinones. We are interested in this peak since these particular oxygen groups are generally claimed to be the active sites for oxidative dehydrogenation of alkanes. 33, 63, 64 The quantitative TPD characterisation results are compiled in table 4. Figure 9 . Total oxygen content determined by TPD ( ) and XPS ( ) and carbonyl/quinone groups determined by TPD ( ) The higher propene production rate for the hybrid RGO-2%ND compared to RGO while keeping the same selectivity could be rationalized because it still contains a high amount of accessible carbonyl-quinone groups and additionally the sp 3 /sp 2 character increases substantially ( Figure 6 ). The decrease of propene productivity and selectivity for nanodiamond content higher than 2 wt% could be attributed to the drastic decrease of carbonyl-quinone content ( Figure 6 and 9) while total oxygen content increases.
From these opposite trends, it can be deduced that the catalysts with increasing nanodiamond loading contain larger amount of other oxygenated groups that are not selective to propene but to total oxidation to CO 2 . The decrease of conversion as nanodiamond content rises could be also ascribed to the lower catalytic surface area that is accessible to the reactants for RGO+ND hybrids due to the clustering of nanodiamonds observed by TEM for the highest loadings (Figure 2f ). The decrease of D´´/G Raman ratio for the hybrid indicates a decrease of organic fragments or functional groups of RGO which may have also an effect on selectivity and conversion.
All these results seem to reconcile previous reports that found that a higher catalytic activity for ODH reaction is associated either with a higher carbonyl-quinone groups content 33, 63, 64 or with a higher number of accessible edges and defects which are usually quantified by I D /I G raman ratio.
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Conclusions
Reduced graphene oxide aerogels (RGO) have been fabricated by a mild hydrothermal reduction/self-assembly method. This approach renders a highly porous graphene monolith, preserves a significant number of oxygenated groups and defects within graphene sheets and avoids their restacking. In addition, nanodiamonds have been supported on the surface of RGO aerogels following one-pot strategy. The resulting highly porous aerogel was used as metal-free catalyst in oxidative dehydrogenation of propane for the first time, exhibiting higher propene productivity than oxidised carbon nanotubes (CNT-O) while keeping the same propene selectivity. The outstanding performance of RGO is ascribed to the higher number of defects in the graphitic lattice, higher oxygen content and more accessible carbonyl/quinone groups compared to CNT-O. The formation of the hybrid with low nanodiamond content (2 wt%) provides an 18% increase in the propene productivity, which may be attributed to the increased sp 3 /sp 2 ratio. A higher nanodiamond loading afforded lower propene production rate, which is attributed to a drop of carbonyl-quinone group content and to clustering of nanodiamonds. In addition, the selectivity to propene decreased dramatically for the highest nanodiamond content ascribed to an increase of the type of oxygenated groups that are not selective to propene but to total oxidation to CO 2 . Among the studied catalyst, reduced graphene aerogel with low nanodiamond content of 2 wt% furnished the best catalytic performance for oxidative dehydrogenation of propane due to the combination of a high content of accessible carbonyl-quinone groups and high sp 3 /sp 2 ratio. It is envisaged that increasing nanodiamond loading and dispersion will lead to improved catalytic performance.
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